The local fluctuating micro-and nano-structures having the properties different from the rest of the single crystal bulk are found to appear around the laser beam trace in a crystal just after irradiation in the visible range. As the time or intensity of irradiation increases, the number of such micro-structures transforming into static micro-and macro-formations grows and they merge into a continuous track along the laser beam. The photo-refraction in stoichiometric single crystals is shown to be strong enough for the recording and storage of information.
Introduction
Recent studies have shown the structural heterogeneities of nano-, micro-and macro-scales emerging inevitably during non-equilibrium crystallisation along with clusters containing localised electrons formed by intrinsic and admixed defects, fractal structures, and laser-induced defects, all being responsible for optical properties of ferroelectric photo-refractive single crystals [1] [2] [3] [4] [5] [6] . The studies on the processes creating the structures that affect photo-refraction and other properties of materials are scarce. The issues concerning structural perfectness, homogeneity of single crystals and formation of micro-and macro-structures of pre-determined configurations as well as improving existing or creating new properties are most important for technologies of ferroelectric materials [1] .
The optically nonlinear lithium niobate (LiNbO 3 ) single crystal of variable composition is presently one of the most widely used electronic materials [7] . Under certain circumstances, especially during unbalanced crystallisation, macro-, micro-and nano-scale fractal structures may be formed, including layers tens of nanometres thick, sub-micron periodically polarised domains of flat boundaries in the direction perpendicular to the axis of growth [1, [4] [5] [6] . Single crystals containing periodically polarised domains are prospective as active nonlinear laser media [1] . By selecting the size of the period of the structure, simultaneous generation of two or more optical harmonics is possible. The stoichiometric lithium niobate (R = Li/Nb = 1) single crystal having a low coercive field value (five times lesser compared with the congruent (R = 0.946) crystal) is one of the most appropriate materials for the purpose [1] . However, stoichiometric single crystals are more vulnerable for optical damage limiting generation and transformation of laser radiation [7, 8] .
By now the photo-refraction in lithium niobate single crystals has been well studied experimentally and theoretically [8] [9] [10] . The effect, among other factors, depends on the presence of photovoltaic admixtures of multivalent cations (Fe, Cu and others), defects, micro-and nano-structures possessing localised electrons, and ordering particularities of structural units of the cation sub-lattice of the crystal. The photo-refraction effect presents an evident change of the index of refraction of the crystal within a few millimetres around the path of the laser beam and distortion of its structure, which persists for a long time after irradiation is terminated. Despite a number of reports (reviewed in [8] [9] [10] [11] ) the detailed features of the distortion depending on the composition of the LiNbO 3 single crystal have not been examined so far.
In particular, the effects of macro-, micro-and nano-heterogeneity of the single crystal structure on the initial stage of photo-refraction under laser irradiation have not been studied at all. It should be noted that the change of the refraction index in macro-and micro-regions of a crystal having different physical characteristics may proceed differently. Recent studies indicate a pronounced clustered structure changing under external factors in lithium niobate crystals of different compositions [12] .
The structural heterogeneity of single crystals may as well affect the formation and dynamics of photo-refraction. The present study is aimed at the dynamics of propagation of laser radiation in photo-refractive lithium niobate single crystals of different compositions.
Methods
The single crystals were grown in a number of ways by the Czochralsky technique [1] . The samples were cut from a single crystal ingot and shaped as parallelepipeds of the size of 5×6×7 mm, the edges being parallel to the crystallographic axes X, Y, Z (Z is the polar axis). The faces of the parallelepipeds were thoroughly polished. A 2018-RM Spectra Physics argon laser generating at 514.5 nm wavelength was used as a source of radiation. All images were taken by a digital camera.
Results and discussion
Considerable bulk heterogeneity, i. e. domains and clustered structures, a large number of charged defects, and an index of refraction obviously varying along the axis of growth, is typical of lithium niobate single crystals, particularly of stoichiometric composition [7] [8] [9] 12] . As examples, the fractal domains in LiNbO 3 :Tm (1.8% mass) and the regular nano-size domain structure in LiNbO 3 :Gd (0.44% mass) grown from congruent melt under imbalanced conditions are shown in Figs. 1 and 2 [5, 6] . In the single crystals of such heterogeneity and in the presence of a large number of charged defects, considerably imbalanced conditions may arise in the places where interaction with radiation takes place [2] . The structure of a crystal may obtain the ability of self-organisation when the necessary precondition, i. e. energy flow from an external source to dissipate, is present. Due to energy flow, the imbalanced system becomes active and allows laser-induced macro-, micro-and nano-structures to form in addition to the structures produced during imbalanced crystallisation [2] . The type and size of micro-and nano-structures may essentially affect photo-refraction, its dynamics, and the physical characteristics of the optical single crystal materials [13] . Under conditions of strong imbalance at irradiation of the crystal in the vicinity of the laser beam, the system may become unstable and the structures of different scales obviously featuring spatial self-organisation emerge. The structures may have properties of self-resemblance and can be identified as fractals at different scale levels.
The following has been observed during experiments of propagation of linearly polarised laser radiation in different photo-refractive lithium niobate single crystal compositions. The laser track does not form immediately after irradiation or at low intensity irradiation: distinct local fluctuating micro-and macro-structures ( Fig. 2(a) ) with the refraction index different from that of the rest of the crystals develop at the initial stage of irradiation. As the time or intensity of irradiation increases, the number of such micro-structures grows (Fig. 2(b) ) transforming into a continuous track (Fig. 2(c) ). The track may remain in the crystal for a long time determined by Maxwell's relaxation (up to a year in dark). The existence of the track is an evidence of possibility to use the material for storage of information (Fig. 3) . The step-wise appearance and development (fluctuating micro-structures-static microstructures-continuous trail) of the laser track revealed in single crystals by the study correlate with the development of triple-layer speckled patterns at photo-refractive light scattering (undesirable at recording) in a lithium niobate single crystal [3] . We have observed the periodic structure of a laser beam directed along the polar axis (Z) of a stoichiometric lithium niobate single crystal grown from melt of 58.6 mole % Li 2 O (Fig. 2(d) ). The period m of the structure is about 0.33 mm. The periodicity is absent at the beginning and is not observed in laser beams directed along axes X and Y. Similar experiments were made with congruent single crystals ostensibly pure and containing admixtures grown from congruent melt, and with ostensibly pure stoichiometric single crystals grown from congruent melt containing admixture of K 2 O. Regardless of the direction, no periodicity in the laser beam was observed in any of these crystals. The observed periodic structure of a laser beam might be related to the gyrotropy of a stoichiometric lithium niobate single crystal. A detailed description of the effect is given in the case of the single crystal of paratellurite [14] .
The gyrotropy of stoichiometric lithium niobate single crystals grown from melt of 58.6 mole % Li 2 O might be related to the features of growth typical of such crystals [1] . Under conditions the crystals are grown they have a considerable heterogeneity of composition along the axis of growth [1, 7, 8] . As the results of our study show, the index of refraction of lithium niobate single crystals of compositions close to stoichiometric grown from congruent melt with added K 2 O is more homogenous and gyrotropy is absent. It has to be noted that adding K 2 O to the melt does not provide strongly stoichiometric single crystals [1] .
One may suppose that the presence of the periodic structure of a laser beam propagating along the polar axis of a lithium niobate single crystal suggests the crystal being of stoichiometric composition. Together with the absence of the 120 cm -1 Raman band [2] it can serve as evidence of stoichiometry. Our studies show the absence of periodicity of a laser beam in the visible range in lithium niobate single crystals of compositions close to stoichiometric grown from congruent melt with admixture of K 2 O. At the same time the 120 cm -1 band is always present in the Raman spectra of such crystals [8] pointing to the complicatedness of obtaining a strongly stoichiometric composition from congruent melt by adding K 2 O [15, 16] . Finally, it should be noted that the kind of fluctuating and static microstructures and the speckle patterns of photo-refractive light scattering represent different compositions of lithium niobate crystals, either ostensibly pure or containing admixtures. Nevertheless, the light scattered by the defects and the defects themselves exhibit specific features the studies of which provide information about the structure and micro-and macro-heterogeneity of single crystals. Further studies of the specific features observed at propagation of laser radiation in lithium niobate crystals of different compositions grown in different ways under different conditions are of doubtless interest when designing materials with preset optical properties.
